Abstract: Textured Ni tapes were fabricated from commercially available nickel pellets (98.5% Ni). Ingots produced by a melt process were cold rolled to 150 -400 µm thick tapes. Texturing was achieved by annealing in a reducing atmosphere (Ar + 6.5% v/v H 2 ). Sharp cubic biaxial textured Ni tapes were obtained by thermal treatment at 1000°C for 2 hours in a reducing atmosphere. The tapes were characterized by scanning electron microscopy, X-ray diffraction and by electron backscattering diffraction. The tensile strength, the thermal expansion behavior and the Vickers hardness for the cold rolled tapes and for the heat-treated tapes were measured.
Introduction
The second generation of high temperature superconducting (HTSC) tapes is based on coated conductor technology. Cube textured Ni and Ni alloys prepared by the RABiTS (rolling assisted biaxial textured substrates) method [1] are widely used substrates for coated conductors. Many substrate properties such as texture sharpness, mechanical and thermal stability, magnetic behavior and solution hardening depend on the quality of Ni [2] . High purity nickel and Ni alloyed with refractory metals (Cr, Mo, W, Nb and Ta) were investigated [3] . It was shown that micro alloying of 99.97 at. % nickel with 100 at. ppm silver improved the texture after annealing (FWHM (111) = 4.4°) [4] . Some attempts were made to enhance mechanical and magnetic properties by adding 3 at. % W and 1.7 at. % Fe to high purity Ni [5] . This substrate composition needs higher annealing temperatures than 1100°C to enable close to 100% cube texture. The most commonly used substrates for coated conductors prepared by the RABiTS method are nickel alloyed with 3 at. % tungsten [6] or Ni with 5 at. % [7] [8] [9] [10] tungsten. Ferromagnetism of pure Ni is reduced by the addition of W [11] . The tensile yield strength s y (0.20%) of Ni with 5 at. % W [12] has significant higher levels than pure nickel at room temperature (176 MPa compared to 63 MPa).
Nevertheless cost-performance of the coated conductor substrate is essential for wide-range applications. Nickel is traded on the world market according to its chemical purity as either a class I or a class II product [13] . Class I products contain at least 99.8% nickel whilst all other primary nickel products are class II. [14] . Class I nickel includes high-purity products obtained by carbonyl refining [15] but also from electro-refining [16] or electro-winning. Unlike class I products, class II products vary widely in nickel content. Commercially available class II Ni (98.5%) used for stainless steel production has an enormous cost advantage over high-purity nickel (99.99%), the material generally investigated as substrate material for coated conductors.
In this paper we explore the possibility to texture lower priced class II nickel (98.5%) as a substrate material for coated conductors.
Experimental Procedures
About 25 g of commercially available Ni pellets (composition see Table 1 ) was melted into ingots in flowing Ar + 6.5% v/v H 2 atmospheres. The samples were kept at 1500°C for 5 hours. Heating and cooling rates were 5 K min -1 . The bars obtained were homogeneous and dense. The ingots were first milled on all sides to remove impurities and then ground with SiC paper. The ends were cut with a diamond saw, yielding bars with the approximate dimensions of 350 mm x 9 mm x 5 mm.
The Ni ingots were cold rolled to tapes with a thickness of 100 to 400 µm using roller oil (WD 40). The thickness reduction in each step was less than 20%. The approximately 50 cm long and 1 cm wide tapes were ultrasonically cleaned with acetone and methanol to remove roller oil and other impurities. Samples of 10 mm x 10 mm were cut from the tape, placed in an alumina crucible and transferred into a tube furnace. The tube furnace was evacuated and then filled with a reducing argon-hydrogen gas mixture (6.5% v/v H 2 ). Heating rates varied between 3 and 10 K min Final temperatures between 800°C and 1300°C were chosen, the duration ranged from 15 to 300 min.
An X`Pert Pro (Panalytical) diffractometer was used for all X-ray measurements employing Ni-filtered Cu K α radiation. Texture measurements were made with the help of an Eulerian cradle. Scanning electron micrographs were obtained with the help of a JSM-6400 and a FEG JSM-7000F SEM (Jeol, Japan). Electron backscattering diffraction (EBSD) measurements were performed on a PHILIPS XL -30 equipped with a DigiView digital EBSD camera (TSL/EDAX) and the OIM 3 (TSL/ EDAX) software package. Data were obtained at one mm spacing from a macroscopic region of the substrate of size ~ 320 mm x 530 mm.
Tensile strength measurements were performed on a Messphysik BETA 200-4 (Austria) instrument following the European norm EN 10002-1. We found that this procedure produced reliable data in a short period of time. Thus we preferred this test over measurements according to ASTM D3379 as employed by Varanasi et al. [17] . The tensile strength test arrangement for thin Ni substrates is shown in Fig. 1 . Position markers were necessary to follow the length variation with a digital video extensometer. The grips were first aligned and then, after introduction of the tape, closed with a torque 15 Nm. SiC abrasive paper (220) was placed between Ni tape and the chuck to improve friction and to avoid slipping of the sample.
The parallel distance between the position markers was 40 mm. The thickness was above 200 µm. Measurements were carried up to the fracture of the sample.
Thermal expansion properties were examined with a WSK Messtechnik taBase TMA 500. The sample had a length of 10990 mm; the data were corrected with respect to a platinum standard. Vickers hardness measurements were performed on a M1C EMCO-Test instrument with a load of 0.98 N (0.1 kp).
Results and Discussion
The best XRD results were obtained for Ni tapes annealed at 1000°C for 120 min in flowing Ar + 6.5% v/v H 2 with a heating rate of 5 K min -1 . An XRD spectrum is given in Fig. 2 . A logarithmic presentation of the intensity was chosen to enhance possible low intensity peaks, especially the (111) peak. As seen from Fig. 2 no indication of the (111) peak was observed. The FWHM for the ψ -scan of the textured Ni-tape was 7.2°; the FWHM for the φ -scan was 7.7°. A pole figure (linear scale) for such a specimen is given in Fig. 3 .
Pole figure analysis on the (001) peak and the (111) peak positions proved the sharp {001} <100> cube orientation.
Eikemeyer et al. [3] studied the influence of the nickel purity on the maximum value of relative intensity. They found that nickel tapes with less than 99.94 at % purity did not achieve the maximum relative (100)-reflection intensity of 1.0 in the q-2q scans after annealing. The maximum annealing temperature for substrates with less than 99.94 at % was 800°C. Our samples (98.5% purity) showed full cubic biaxial texture after heat treatments from 800 to 1100°C for 180 min with respect to I (200) /( I (200) + I (111) ) as shown in Fig. 4 .
The surface of the Ni tape was smooth as shown in Fig. 5 . Thermal etching during heat treatment revealed both grain boundaries and thermal etching steps. Spherical nano-particles distributed along the etching steps are most probably SiO 2 formed from Si present in the nickel tape. The nickel source used by us had 0.34 weight-% Si. A typical distribution of the grain diameter as a function of the area fraction is given in Fig. 6 . The majority of the grains had diameters between 20 and 50 µm.
As it can be seen from the electron backscattering diffractogram (Fig. 7) the grain shape is significantly influenced by a secondary grain growth process. Concave bending of grain boundaries confirmed that large grains are consuming smaller grains. Annealing twins formed inside or at the boundaries of Ni grains. The crystal orientation of the twins declined significantly from cube texture.
Inverse pole figure (IPF) color key describes well textured sharp cubic orientation (001) of our sample, shown as red in the color key. Superconducting weak coupling at the grain boundary is a serious problem in REBa 2 Cu 3 O 7-x materials [18] . The critical currents (j c values) for HTSC-tapes decrease significantly when the misorientation angle between the grains exceeds 10° [19] .
The thermal expansion between -100°C and 900°C of the milled Ni ingot is given in Fig. 8 . The thermal expansion coefficienta a was calculated from the data between 0 and 100°C and found to be 13.5 x 10 -6 K -1 . The impurities in the commercial nickel did not significantly influence the thermal expansion coefficient compared to pure nickel 13.3 x 10 -6 K -1 [20] [21] [22] . A typical stress / strain diagram is shown in Fig. 9 . The cold rolled Ni tape had a higher ultimate tensile strength of about 440 MPa than the thermally treated Ni tape with an ultimate tensile strength of around 140 MPa. The tensile yielding stress s y (0.20%) is also significantly lower for the annealed Ni tape reaching about 70 MPa. This value is slightly higher than for textured and annealed pure Ni at 295 K of 63 MPa [13] . This increase may be attributed to some solution hardening by impurities. Table 2 shows the statistical evaluation of 5 tensile strength experiments of textured Ni tapes. The average value for the ultimate tensile strength was 175 MPa with a root mean square deviation of ± 27 MPa. As pointed out by Clickner et al. [12] the initial slope of the stressstrain characteristic (Young's modulus) for pure nickel is difficult to define. Similar problems occurred in our experiments for textured commercial available Ni tapes. Thus table 2 lists only the ultimate tensile strength values.
Conclusions
Commercial Ni (98.5% purity) was successfully converted into textured tapes as a possible substrate material for coated conductors. Optimum properties were achieved for Ni tapes annealed at 1000°C for 120 min. These tapes were sharp cube textured as seen by EBSD and XRD analysis. Material properties such as thermal expansion behavior, tensile strength, yielding stress and micro-hardness were examined before and after thermal treatment of the substrates. The yielding stress of textured tapes is higher than for pure Ni most likely due to solute hardening by impurity elements in the commercial Ni.
